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Active safety systems have become common equipment in all vehicle categories. The 
introduction of Anti-locking Braking Systems (Anti-blockier-system, ABS) in the 1970s 
was a milestone, since a computer, rather than the driver, controlled the emergency 
braking. However, it took more than twenty years until a lateral stability support system, 
the Electronic Stability Programme (ESP), was introduced. ESP was first used on rear-
wheel-driven luxury cars, but the famous Elk test by a Swedish reporter in 1996 
expedited the breakthrough of Electronic Stability Control Systems (ESC). During the 
Elk test a new A-class Mercedes-Benz rolled over, which forced MB to recall all its A-
class cars to be fitted with ESP. The reduction in the number of fatal traffic accidents of 
ESP-equipped cars was quickly noted. Nowadays, the National Highway Traffic Safety 
Administration (NHTSA) requires all new vehicles in the United States under 4536 kg 
to be equipped with an ESC system by 2011 because of the remarkable indicated safety 
benefits [1]. Later, a similar regulation was established by the European parliament for 
EU countries and all new types of vehicles must be equipped with ESC by 2011 and all 
new vehicles by 2014 [2]. 
In future, the development of active safety systems will continue in a more integrated 
and co-operative direction. In addition to the development of new applications which 
may improve traffic safety, more accurate information about the operating state of the 
vehicle and road conditions is also desirable. In existing active systems, e.g. the 
accelerations and rotational velocities of the vehicle body are measured to derive the 
vehicle state. But as the tyres transmit all the forces acting on the vehicle except 
aerodynamic forces and gravity, they are an attractive place to mount sensors to 
evaluate individual tyre behaviour. Furthermore, it is interesting to measure the tyre 
contact area, because the global tyre force is generated from the distributed stress in the 
tread. This stress distribution and its shape and magnitude include information on tyre-
road contact conditions, as observed with the pioneering Darmstadt tyre sensor [3]. 
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Therefore tyre sensors are fairly versatile instruments and several potential applications 
exist. The following different functions of tyre sensors could be listed: 
• estimation of friction potential; 
• estimation of tyre forces (friction used); 
• estimation of wheel speed, slip ratio, and slip angle; 
• tyre pressure monitoring; 
• the recognition of tyre wear, imbalance etc., and 
• the recognition of worn suspension components.  
On the other hand, only tyre pressure monitoring can be found from production 
vehicles. If tyre forces and the friction potential are the main focus of interest, as in this 
thesis, the following technologies could come into question: 
• measuring forces and moments from suspension parts [4]; 
• measuring deflections of a wheel [5] or wheel bearing [6]; 
• measuring tyre deflections with a sensor in suspension [7,8] and 
• sensor in tyre 
o tread sensor [3, 9, 10, 11] 
o carcass sensor [12, 13, 14, 15, 16]. 
These different approaches are depicted in Figure 1 and the concepts are described in 
Article I. 
The ability of these technologies to evaluate the operating conditions of tyres depends 
roughly on the distance from the tyre contact patch. In this context, a sensor in the tyre 
tread offers the most information but this is a rather aggressive place for a sensor to be 
mounted. On the contrary, the suspension part strains can be used to calculate tyre 
forces, but it seems clear that the friction potential, aquaplaning, slip angle, or slip ratio 
cannot be evaluated with this approach. The phenomena are filtered away before the 
measurement. Similarly, wheel deflections, wheel bearing deflection, or tyre carcass 
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sidewalls probably do not contain any other information apart from on the forces that 
are transmitted. However, sensors that are mounted in the inner liner of the tyre carcass 
offer many benefits. They are easy to mount and close to the local friction phenomenon. 
Several different sensor types are studied in the literature, with acceleration sensors 
being the most popular [e.g. 13, 14]. This thesis concentrates only on an optical tyre 
sensor, which can be classified as a “carcass sensor”. The optical tyre sensor measures 
the deflection of the tyre carcass with respect to the rim in three dimensions. 
 
Figure 1 Different tyre sensing concepts 
The optical tyre sensor is not designed to be a product, because many of its features are 
not possible in production vehicles. Thus, the sensor was mainly developed to study the 
feasibility of tyre force information in active safety systems. In addition, the knowledge 
of tyre sensors thus acquired is helpful when real production sensors are being 
considered. All the algorithms developed in this thesis have a strong physical 
background, so that tyre force estimation is based on tyre carcass stiffness. This allows 




The results obtained during this thesis project provided the motivation to study tyre 
behaviour in more detail, especially in conditions that are difficult to simulate and 
understand. Thus, a very important motivation for the thesis is to explain tyre carcass 
and contact area behaviour in aquaplaning. 
1.2 Summary of publications 
Article I explains basic tyre sensor technologies and presents the optical tyre sensor 
concept. In addition, preliminary algorithms for tyre force estimation were proposed. 
 
Article II studies tyre carcass deflections in aquaplaning. Aquaplaning is traditionally 
divided into three zones in the contact patch: hydroplaning, viscous aquaplaning, and 
normal tyre-road contact. The measurement results obtained support this model, in 
which the standard deviation curves reveal that the hydroplaning zone of contact 
vibrates and the viscous aquaplaning zone of contact follows the road surface and only a 
thin layer of water between the tyre and the road prevents the development of frictional 
forces. 
 
Article III concentrated on a heavy vehicle implementation, because many ADAS 
applications have been and will be introduced first in heavy vehicles as a result of cost 
issues and the pronounced safety benefits. Here the optical tyre sensor concept was 
extended to a truck, and a special rim was manufactured in order to accommodate the 
sensor module into the tyre. The article presents real-time (16-bit MCU) capable 
algorithms to estimate the vertical, lateral, and longitudinal tyre forces.  
 
Article IV proposes an algorithm and presents experimental results for the real-time 
detection of aquaplaning. The interesting results obtained in the post-processing of the 
aquaplaning data (Article II) encouraged the investigation of recursive methods. There 
was also motivation to demonstrate the detection of aquaplaning on a proving ground in 
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a final review of the EC project FRICTI@N. The estimation is based on the shifting of 
the intensity signal centroid towards the front part of the contact patch. The proposed 
algorithm is independent of the wheel load and performed reliably with the same 
parameters in two different types of test cars. 
 
Article V proposed a real application for tyre force information. Vehicle Slip Angle 
(VSA) estimation has been the subject of numerous research articles. And not without 
reason: it is the second-state variable of the one-track model, it reveals information 
about the stability of the vehicle, and it describes whether the driver is still able to 
control the vehicle by means of steering wheel input [17, 18]. The benefit of the direct 
force measurement was discussed in Article V and a Kalman filter with an adaptive 
covariance matrix was proposed in order to estimate the VSA. 
1.3 Scientific contribution 
The main results of the thesis can be condensed into the following. 
1. Rolling tyre carcass deflection relation to generated tyre forces: 
a. quadratic model from amplitude of longitudinal movement to vertical 
force; 
b. linear model from recursive mean of lateral deflection (of one rotation) 
to lateral force; 
c. linear model from recursive mean of longitudinal deflection (of one 
rotation) to longitudinal force. 
2. The error detection and force estimation algorithms were modified to be real-
time capable in a low-cost 16-bit microcontroller unit (MCU). 
3. The transition point from hydrodynamic aquaplaning to viscous aquaplaning in a 
tyre contact patch was measured from the tyre deflections for the first time. The 
zones were separated from the intensity and longitudinal movement signals 
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when the standard deviation of different rotation was calculated in post-
processing. The observation supports the existing three-zone model, which 
explains tyre contact in aquaplaning. 
4. Partial and full aquaplaning were estimated in real time. 
5. An advanced and novel formulation of the vehicle side slip angle estimation on 




2 An optical tyre sensor (OTS) 
The optical tyre sensor consists of an optical position detection sensor and a radio link. 
These components, with the required specifications, are not commercially available. 
The tyre sensor in question is not designed for production purposes, but to study tyre 
behaviour in general and to evaluate the feasibility of tyre sensor information in active 
safety systems. 
2.1 Measurement of tyre carcass deflection 
The OTS measures the position of a Light-Emitting Diode (LED) relative to the rim 
(Figure 2). The LED is glued to the inner liner of the tyre and an optical sensor is 
mounted on the housing, which is fixed to the rim. The lens focuses the light emitted by 
the LED onto the surface of the optical sensor. It should be noticed that the radiant 
intensity of an LED is a function of angular displacement and the alignment of the LED 
reduces the measured intensity. Consequently, a wide-angle LED was chosen (Vishay 
VSMS3700) and it was powered with wires from a battery in the sensor module. 
 
Figure 2 Cross-section of optical tyre sensor (truck version) 
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The optical sensor is a Position-Sensitive Detector (PSD). In contrast to e.g. Charge-
Coupled Devices (CCD) or Complementary metal-oxide semiconductors (CMOS), the 
PSD is composed of a monolithic detector with no discrete elements. The PSD sensor 
provides a continuous position data flow by exploiting the surface resistance of the 
photodiode [20]. Thus, the sensor principle is excellent for tyre sensors, because there is 
a shortage of energy and the intensive data processing required by matrix sensors is not 
reasonable in a rolling tyre.  
The PSD sensor (Hamamatsu S5991-01 Pin cushion [19]) principle is shown in Figure 
3. The active area of the sensor is 10 x 10 mm, the position resolution is 1.5 μm, and the 
rise time is 2 μs. The light energy is converted into currents (photo sensitivity 0.6 A/W), 
which are measured from the corners of the sensor. The relative distance of the light 
source can be calculated thus: 
𝑧 = ඨ 1∑ 𝑖 (1) 
and the absolute position in the longitudinal direction: 
𝑥 = 𝐿2
(𝑖௫ଶ + 𝑖௬ଵ) − (𝑖௫ଵ + 𝑖௬ଶ)
𝑖௫ଶ + 𝑖௬ଵ+𝑖௫ଵ + 𝑖௬ଶ  (2) 
and in the lateral direction: 
𝑦 = 𝐿2
(𝑖௫ଶ + 𝑖௬ଶ) − (𝑖௫ଵ + 𝑖௬ଵ)
𝑖௫ଶ + 𝑖௬ଵ+𝑖௫ଵ + 𝑖௬ଶ  (3) 
where i is the respective current at the corner of the PSD and L is the length of the 





Figure 3 The PSD sensor structure  
[principle from 20] 
However, the displacements were calculated from a tyre sensor analogue signal with 
operational amplifiers which executed the equations: 
𝑉௫ = 𝐺௫ൣ(𝑖௫ଶ + 𝑖௬ଵ) − (𝑖௫ଵ + 𝑖௬ଶ)൧ (4) 
𝑉௬ = 𝐺௬ൣ(𝑖௫ଶ + 𝑖௬ଶ) − (𝑖௫ଵ + 𝑖௬ଵ)൧ (5) 
𝑉௦௨௠ = 𝐺௦௨௠ൣ𝑖௫ଶ + 𝑖௬ଵ + 𝑖௫ଵ + 𝑖௬ଶ൧ (6) 
where G is the respective gain to fit the signal to an analogue-to-digital converter. The 
electrical circuit was manufactured by the Technical Research Centre of Finland (VTT). 
[21] 
The sensor hardware was installed in a separate module, which was mounted on a 
special rim. In the testing of a passenger car, divisible rims were used to allow the 
fitting of the tyre after the installation of the sensor. In the truck tyre sensor, a special 
rim was designed and a hole with a flange joint served as an interface with the sensor 




Figure 4 Sensor module installation on the truck wheel rim 
(1. rim, 2 flange joint welded to the rim, 3. sensor module, 4. sealing O-ring) 
In addition to the optical sensor, a magnetic pickup sensor was installed on the rim and 
it was aligned with the optical sensor. Naturally, a magnet was installed in the 
suspension at a location where the optical sensor passed by the top-dead-centre position 
(Figure 5). This synchronisation signal made it possible to compare OTS signals from 
different rotations reliably and reproducibly. 
 
Figure 5 Optical tyre sensor components, magnet and magnetic pick-up sensor 
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The previously explained measurement setup measures tyre carcass deflections, and not 
directly the tyre forces acting between the road and the tread. This is explained in Figure 
6, where the properties of the carcass and tread are modelled as springs and dampers. 
The tread is modelled with a spring kt and a damper dt. The tread (or inner liner) is 
connected to a rim with rubber properties kc and dc, but the stiffness is dominated by the 
stiffness kp generated by the inflation pressure. An important outcome of the model is to 
observe that the frictional properties of tyre-road contact do not normally have an 
influence on the measurement of the tyre force with the OTS. In other words, the tyre 
sensor force estimation can be calibrated in laboratory conditions and the calibration is 
still valid in completely different frictional conditions. The only assumption is that the 
carcass properties remain the same and the most important factor is the tyre inflation 
pressure. 
 
Figure 6 Tyre tread and carcass stiffness and damping properties 
2.2 Data transfer 
A radio communication device (433.92 MHz) was developed in the APOLLO project 
[13] and further developed in the FRICTI@N project by the Technical Research Centre 
of Finland (VTT). The signal flow from the sensor to the vehicle body is presented in 
Figure 7. The analogue sensor signals are measured with an analogue-to-digital 
converter (ADC) in the tyre. The sampling rate is 5100 Hz. An 8-bit MCU prepares data 
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messages, including a Cyclic Redundancy Check (CRC), which is exploited to detect 
radio errors. 
The radio receiver antenna is mounted next to the tyre. The data are demodulated and 
converted to a CAN message for a high-speed 1-Mbps bus. This receiver unit was 
developed in the APOLLO project by Magneti Marelli [22]. 
 
Figure 7 Data flow from tyre to car body 
2.3 Raw tyre sensor signals 
The simplest of driving conditions is probably driving straight ahead, where the tyre is 
rolling freely at a constant velocity and load (vertical force). No other forces exist but 
vertical force and rolling resistance. The OTS signal waveforms in this situation are 
shown in Figure 8. The units in these figures are not calibrated to a metric scale. The 
scale is directly the ADC output, which means the range 0-4095 for the 12 bits. The 
signal intensity is decreasing, even though the LED is coming closer to the sensor 
during the contact as a result of the inverse configuration of the ADC. A similar peak 
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during the contact can be seen for the lateral signal, which reveals the mounting offset 
of the LED, and its compensation is discussed in Article I. The longitudinal signal 
waveform is strongly affected by the contact deformation of tyre. Before and after the 
contact the tyre carcass is forced to move away from the contact and zero crossing 
points are observed at the centre of contact and at the top dead centre. The top-dead-
centre position is indicated by the magnetic pickup signal. 
 
Figure 8 OTS signal in free rolling on chassis dynamometer drum  
(truck tyre, 50 km/h, vertical load 20 kN) 
Figure 9 shows the signals at a constant 6° slip angle, which produces a lateral force of 
approximately 13 kN at a 30-kN wheel load. The increased wheel load, as compared to 
Figure 8, can clearly be seen in the intensity signal and in the longitudinal signal. The 
lateral signal shows how the carcass is stretched during complete rotation and the 
contact region cannot be observed.  




















































Figure 9 OTS signal at 6° slip angle on chassis dynamometer drum  
(truck tyre, 50 km/h, vertical load 30 kN) 
2.4 Validation devices 
The tyre sensor was exploited to study several different themes, and they needed 
different validation tools.  
The most important tool was a tyre test rig on the chassis dynamometer in the 
Laboratory of Automotive Engineering of Helsinki University of Technology. The test 
rig can turn and brake the wheel. Similarly, the wheel load and velocity can be adjusted. 
In addition, all the forces and moments acting on the tyre can be measured. [23] The test 
rig had a major role in developing the real-time data transmission and analysis. Another 
test rig at ika RWTH (Institut für Kraftfahrwesen Aachen) was used for the truck tyre 
sensor calibrations [24]. The measurements in Article I were performed with a special 
measurement vehicle owned by Nokian Tyres Plc. In this vehicle, the tyre that was 



















































measured is a “fifth wheel” which can be turned, braked, and accelerated independently. 
Naturally, the forces and moment are measured simultaneously. [25] 
The vehicle measurements in Article III were performed with a Volvo FH12 tractor 
with a ballast platform. The vehicle slip angle estimation in Article V was developed in 
a VW Golf V Variant 1.9 TDI. Both vehicles had been modified especially for vehicle 
testing and equipped with typical vehicle dynamics sensors such as accelerometers and 
rotational velocity sensors. 
The aquaplaning tests were performed at the Nokian Tyres proving ground at Nokia. 
The test vehicle in Articles II and IV was the same VW Golf as in Article V. The 
evaluation of aquaplaning was subjective and based on the steering feel of the driver. 
The differences in the rotational velocities of the front and rear axles confirmed full 




3.1 Tyre force estimation (Articles I and III) 
The final tyre force estimation algorithms are based on only the longitudinal and lateral 
displacement signals: the intensity signal is ignored as a result of problems in 
controlling the intensity of the LED because of variations in temperature, alignment, 
and battery voltage. 
The vertical and longitudinal forces are estimated from the longitudinal signal (Figure 
10). Several indicators for the vertical force exist: 
• standard deviation of one rotation; 
• contact length evaluated from peak values; 
• slope of the signal during contact, and 
• amplitude of one rotation. 
 
Figure 10 Longitudinal displacement signal as a function of sensor position angle 
(passenger car tyre) 
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The standard deviation from the values of one rotation would be very effective against 
noise in the signal, but a simple model for the estimation of the vertical force was not 
obtained. The contact length correlates with the vertical force, but it is not possible to 
determine the position of the peak values accurately. The slope of the signal during 
contact is sensitive to noise, which is not a particular problem for the sensor in question. 
However, the signal is not purely linear during contact and then the accurate definition 
of the contact length appears to be a problem. The algorithm is thus based on the 
amplitude of the signal: 
𝑥௚௔௣ = max[𝑥଴, 𝑥௘௡ௗ] − min[𝑥଴, 𝑥௘௡ௗ] (7) 
and where [x0, xend] includes the longitudinal displacement values of one complete 
rotation. The vertical force estimate reads: 
𝐹௭ = 𝑥௚௔௣ଶ 𝑐௭,௣௔௥௔௕௢௟௜௖ + 𝑥௚௔௣𝑐௭,௚௔௜௡ + 𝑐௭,௢௙௙௦௘௧ + ൣ?̅?𝑐௭,௫ ௚௔௜௡ + 𝑐௭,௫ ௢௙௙௦௘௧൧ (8) 
with parameters cz,parabolic, cz,gain and cz,offset. The terms ?̅? , cz,x gain, and cz,x offset  are 
needed to compensate the vertical force estimate under a longitudinal force, which 
slightly increases the signal amplitude. The tyre sensor estimate is compared to the test 
rig measurements in Figure 11. The vertical force is slightly overestimated for the low 
vertical force levels (under 10 kN), but is accurate for the normal operating region of a 
truck tyre. 
 
Figure 11 Tyre sensor and test rig comparison for vertical force (truck tyre) 

























During a longitudinal force, braking or accelerating, the level of the longitudinal 
deflection signal is changed. An indicator for the longitudinal displacement reads: 
𝑥௞ାଵ = 𝑥௞ +
𝑥௞ାଵ − 𝑥௞
𝑘  (9) 
and the longitudinal force after one rotation reads: 
𝐹௫ = ?̅? 𝑐௫,௚௔௜௡ + 𝑐௫,௢௙௙௦௘௧ (10) 
with parameters cx,gain and cx,offset and a comparison for the test rig is shown in Figure 12. 
In the figure, the brake pressure is increased gradually. During the braking testing the 
tyre temperature increased rapidly, which also increased the inflation pressure and 
affected the tyre stiffness. If the tyre is stiffer than during the calibration run, the forces 
are underestimated. 
 
Figure 12 Longitudinal force estimate and test rig measurement for brake steps 




The lateral signal as a function of the rotation angle is shown in Figure 13. The 
recursive mean for the lateral deflection of one rotation reads: 
𝑦௞ାଵ = 𝑦௞ +
𝑦௞ାଵ − 𝑦௞
𝑘  (11) 
and the lateral force reads: 
𝐹௬ = 𝑦ത 𝑐௬,௚௔௜௡ + 𝑐௬,௢௙௙௦௘௧ (12) 
with parameters cy,gain and cy,offset. 
 
Figure 13 Lateral displacement signal as a function of sensor position angle 
The lateral force estimate is compared to the test rig measurements in Figure 14. The 





Figure 14 Lateral force estimate from the tyre sensor compared to the test rig 
measurements (slip angle sweep +-6°, 50 km/h, wheel load 10 kN, 20 kN, 30 kN, truck tyre) 
3.2 Estimation of lateral state of vehicle (Article V) 
The estimation of the state of the vehicle has been a popular topic for researchers, 
because information on the lateral state of the vehicle is required by the ESC. The 
fundamental ideas behind lateral state estimation are presented in [26, 27, 28] and 
different methods were recently reviewed in [29]. However, even if the existing systems 
perform under most conditions, more accurate vehicle state information will be needed 
by future active safety systems such as active steering, lane-keeping support, and torque 
vectoring. The estimated state is usually the lateral velocity vy of the centre of gravity of 
a vehicle. The slip angle of a vehicle is available: 
𝑡𝑎𝑛𝛽 = 𝑣௬𝑣௫  (13) 
 
where vx is the forward velocity of the vehicle. 
The main benefit of tyre force-based estimation is that the lateral velocity vector is 
parallel to the tyre forces. If the estimation is based on traditional lateral acceleration 





















and yaw rate sensors, the roll angle and road inclination introduce offset to the signals. 
In particular, the acceleration sensor signal is disturbed by a gravity component. 
The proposed estimator was a Kalman filter [30], in which the measurement covariance 
matrix was adapted according to the driving conditions. The estimator is supported by a 
linear vehicle model, the operating region of which is limited. In straight-ahead driving 
the measurement noise variance of the linear single-track vehicle model is adjusted to a 
very low level compared to the process noise variance. During non-linear vehicle 
behaviour the measurement noise variance for the linear model is increased and the tyre 
force integration is consequently weighted. The linearity of the driving conditions is 
detected from the measured tyre force deviation from the linear estimate of the vehicle 
model. When there is a difference, the linear model is not accurate any more. The tyre 
force comparison and corresponding variances for a driving manoeuvre can be seen in 
Figure 15. The steering angle and lateral acceleration clarify the test manoeuvre and the 
corresponding lateral force deviation from the linear model can be seen. The lowest plot 
shows that the measurement noise covariance for the tyre force measurements is 
constant, but the linear single-track model measurement noise is increased substantially 
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during slalom driving.     
 
Figure 15 Lateral force deviation from single-track model and measurement error 
variance during test run 
The tyre force-based estimates of lateral acceleration, yaw rate, and lateral velocity are 
compared to the validation sensor measurements in Figure 16. The yaw rate is slightly 
overestimated for the positive peak values, which is probably an indication of an 
overestimated lateral force during a high vertical force. This error cumulates for the 
negative values of lateral velocity, which can be seen in the lowest plot. 






















































































Figure 16 Lateral state estimate based on Kalman filter estimator and for sensor 
measurement 
3.3 Aquaplaning studies (Articles II and IV) 
Aquaplaning severely hampers tyre-road interaction. This may lead to a situation where 
a driver cannot control the vehicle by means of the steering wheel or braking inputs. In 
addition, if only some of the tyres are aquaplaning, the braking input by the driver may 
result in a strong and undesired yaw moment. It is obvious that future active systems 
would benefit from aquaplaning information on individual tyres.  
3.3.1 Three-zone model with the Optical tyre sensor (Article II) 
The tyre-road contact in aquaplaning has traditionally been divided into three zones 
[31], which are depicted in Figure 17. The inertial effect of the water dominates in zone 






























































A and no contact between the tyre and the road surface exists. In zone B, some rubber-
road contact exists, but the viscous effect of the water squeezing out from the contact 
area limits this area. Zone C represents normal wet road contact. 
 
Figure 17 Three-zone concept of aquaplaning tyre 
Figure 18 shows the tyre sensor measurement for the transition from dry tarmac to an 8-
mm water reservoir. The dry tarmac zone is approximately in rotations 1-55 in the 
figure, and the water reservoir in rotations 55-74. The left- and right-hand figures relate 
to the same data; only the view is different. The elevation of the front part of the contact 
patch can be seen from the increased distance between the LED and the unloaded 
radius. The signal also shifts slightly towards smaller rotation angles, which can be seen 
on the right in the figure. The drop in the peak values just before aquaplaning reveals 
the descent of the tyre into the water reservoir (note arrow in the figure). In other words, 
it means a reduced vertical tyre force. [32] 
 




The intensity and longitudinal signals are shown in Figure 19 and Figure 20. The mean 
values and standard deviations are calculated from ten rotations on tarmac and ten on 
water. It is suggested that the hydrodynamics zone begins at point A, where the standard 
deviation of the longitudinal signal diverges from the dry tarmac curve (Figure 20). At 
the same time, the longitudinal signal minimum is achieved, which also indicates that 
the contact area is being approached.  
Point B separates the hydrodynamic zone from the viscous aquaplaning. Point B can be 
observed in the standard deviation of both the intensity signal and the longitudinal 
signal. Before point B, during hydrodynamic aquaplaning, the tyre carcass vibrates as a 
result of the uneven nature of the inertial forces acting on this area. After point B, the 
standard deviation curve converges with the dry tarmac curve, which indicates that 
contact deformation defines the curve. Because of the high velocity and the driver’s 
subjective observation on the proving ground, the tyre is completely without contact 
with the road in this test. Thus, a probable explanation is that the rear part of the contact, 
from B to C, is the viscous aquaplaning zone and a thin layer of water separates the tyre 
from the road. The position of point C lies in the area where standard deviation values 





Figure 19 The mean intensity and standard deviation before and after driving into 
water at 110 km/h 
 
Figure 20 The mean longitudinal movement and standard deviation before and 
after driving into water at 110 km/h 
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3.3.2 Real-time aquaplaning estimation (Article IV) 
The previous aquaplaning results, where the hydrodynamic zone was separated from the 
viscous one, were obtained in post-processing. However, it is clear that aquaplaning 
estimation could aid active safety systems during this uncommon driving situation. The 
method developed to study aquaplaning in Article II cannot be directly implemented 
into a recursive form, but the knowledge that was gained about tyre sensor data in 
aquaplaning encouraged continuation towards real-time estimation. 
Several methods for real-time estimation were considered, of which two appeared the 
most promising: 
1. recursive standard deviation of the longitudinal or intensity signal or 
2. shifting of the longitudinal or intensity signal for smaller rotation angles could 
indicate the severity of aquaplaning. 
Both methods were tested in real-time conditions and especially method 2, with an 
intensity signal, performed reliably. It should be noted that both methods are 
independent of the wheel load, which was an important criterion. Figure 21 shows the 
measurement data for tarmac and for wet tarmac (aquaplaning condition). The shifting 





Figure 21 Weighted mean curves of the intensity signal (dry tarmac: lines with 
circular markers, wet tarmac: lines with plus markers)  
In order to compare different rotations, the data are interpolated to the distance domain 
and the signal is smoothed by calculating the weighted mean zmean of five recent 


















CM   (14) 
 
where only the rotation angles from 140° to 220° are taken into account. The 












=  (15) 
where 100% aquaplaning CM100 is defined empirically in the condition where the driver 
subjectively observed full aquaplaning: 
 CM100 ≈ 174° 
 CM0 ≈ 180° 
This equation assumes linearity between the centroid values of the signal to aquaplaning 
contact length, as shown in Figure 22. However, there is no evidence available to 
validate this assumption. 
 
Figure 22 Aquaplaning percentage determination 
Figure 23 shows the estimated aquaplaning percentage. The aquaplaning area at the 
proving ground begins from the zero rotation in the figure. It is interesting to see that 
partial and not yet dangerous aquaplaning can also be detected for the velocity of 
60km/h. The estimated aquaplaning percentage increases gradually with velocity and 









At the beginning of the APOLLO tyre sensor project, the objective was to develop 
concepts to be ready as a product. However, during FRICTI@N the author forced the 
research to concentrate more on the fundamentals of tyre behaviour than on modifying 
components towards mass production. Thus, the intention was to produce information 
about tyre behaviour that was relevant for the development of tyre sensors. Second, tyre 
sensors were exploited to study tyre behaviour in complex conditions such as 
aquaplaning. 
4.1 Tyre force estimation 
The observed relations between tyre carcass deflections and tyre forces are promising 
results for more production-oriented concepts. The tyre is a composite construction, in 
which many properties are very non-linear. A few that can be mentioned are the hyper- 
and viscoelasticity of rubber, which, in addition, depend on e.g. the compound, 
temperature, and rate of excitation. Thus, it is not expected that simple and mostly linear 
models with only a few compensation terms will be able to describe the relation of 
carcass displacements and tyre forces. The reason for this is probably that the carcass 
stiffness mostly depends on the air pressure inside the tyre. This dominates over the 
more complex rubber-ply structure and thus non-linear stiffness and damping properties 
do not raise their heads. Additionally, the most complex phenomenon in the tyre, 
friction, is safely away from the inner liner and the carcass just transmits the tread 
forces to the rim. 
The tyre force estimation algorithms should be studied more carefully in the future in 




4.2 Aquaplaning measurements 
The observation in Article II that the viscous aquaplaning zone is rather long in the 
contact patch raises a question about the Finite Element Method simulations (FEM) of 
aquaplaning. The FEM does not take into account, at least in its commercial codes, 
viscous aquaplaning, because the surface roughness is not usually modelled at all. 
However, the FEM results are rather accurate when compared to the experiments. This 
would not be expected if almost the half of the contact length is under a phenomenon 
that is not included in the model. Therefore, it seems that the published knowledge of 
rolling tyres in aquaplaning is not very comprehensive. 
The tyre carcass displacements were exploited to evaluate aquaplaning in real time. 
Several different levels of partial aquaplaning were detected, in addition to full 
aquaplaning. The proposed method seems to be accurate, but naturally very sensitive to 
other phenomena that move the tyre carcass in a longitudinal or vertical direction. One 
of these situations is when torque is applied to this particular tyre. For example, during 
braking the vertical signal centroid is shifted in a similar way to what happens in 
aquaplaning, although the phenomenon is completely different. Hence, the braking 
situation has to be detected separately, e.g. from brake pressure information, and the 
aquaplaning information has to be compensated for or ignored during this event. 
The real-time algorithm for aquaplaning detection could be modified to reserve less 
memory if the amount of data vectors is reduced. Additionally, an acceleration sensor or 
strain sensor measurement in the inner liner of the tyre could effectively measure the 
vibrating section of the tyre contact patch in aquaplaning and would be a real product 
application. 
It would be interesting to study the influence of inflation pressure on tyre sensor 
measurements in aquaplaning more carefully, because the inflation pressure affects both 
the aquaplaning speed and carcass stiffness. Furthermore, the calibration procedure of 




4.3 Slip angle estimation 
VSA estimation was presented as an application for tyre force information. However, 
the main results are presented only qualitatively, not by measurement, because proving 
grounds offering road inclination and side winds simultaneously are not common. 
Additionally, the maintenance of the tyre sensor hardware and maintaining valid 
calibration require test conditions near the home laboratory. Nevertheless, the lateral 
state of the vehicle was estimated accurately, even if the brilliance of it could not be 
shown in full scale. The VSA estimation proposed by the author should be extended to 
cover longitudinal tyre forces as well.  
The proposed algorithm is not especially sensitive to vehicle model parameters such as 
cornering stiffness. However, any offset in the tyre force measurements results, at least, 
in offset for the lateral velocity estimate. If the one-track model parameters are not 
accurate, the estimator simply begins to weight the tyre force integration earlier and 
compensates for this source of error. Meanwhile, an offset error in the tyre force 
measurement is not compensated for, but results in poor estimates for straight-ahead 
driving too. Thus, the reliability of tyre force measurements has to be judged separately. 
4.4 Future of tyre sensors 
The future of tyre sensors is interesting, but probably not very urgent (unlike tyre 
pressure monitoring). It should be noticed that most tyre sensors require tyre inflation 
pressure information as an important parameter. 
In addition to the technical challenges, the tyre sensor patent situation is complex and 
may be reflected in the development of tyre sensors. However, many patents may expire 
before their commercial application is realistic or the patent owner may cease the 
payment of the annual fee. For example, the well-known Darmstadt tyre sensor seems to 
be freely available for commercial exploitation [33].  
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Furthermore, some patents are obviously the results of brainstorming, not of systematic 
research and development towards future technologies. In particular, some kind of 
optical tyre sensor is protected by a patent [34], but, as far as author can see, the patent 
covers only luminous intensity. This releases the optical tyre sensor for the most 
practical spectrum, the infrared, for the silicon-based optical sensors. 
The results in this thesis show that carcass deflections contain interesting information. 
Optical sensing is not the only method to measure them. Inner liner strain and 
acceleration sensors can capture the phenomena as well. In particular, aquaplaning 
could be detected easily with an acceleration sensor because of the vibrating contact 
patch measured by the OTS. 
The tyre sensor research at TKK will continue. Special new rims are being 
manufactured to allow fast modifications to the sensors without removing the tyre and 
to expedite experiments with completely new types of sensors. The next step is probably 
to study carcass deflections more carefully with a laser inside the tyre. The aim is to 
measure accurately the distance of the inner liner from the rim without the problematic 
measurement of intensity. It is hoped that this research clarifies whether the friction 
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